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ABSTRACT

Development of a three-dimensional (3D) vascular co-cultivation system is one of the major challenges to provide an advanced analytical
platform for studying blood vessel related diseases. To date, however, the in vivo-like vessel system has not been fully realized due to the
difficulty of co-cultivation of the cells with orthogonal alignment. In this study, we report the utilization of microfabrication technology to
construct biomimetic 3D co-cultured vasculature. First, microwrinkle patterns whose direction was perpendicular to the axis of a circular
microfluidic channel were fabricated, and vascular smooth muscle cells (VSMCs) were cultured inside the microchannel, leading to an
in vivo-like circumferential VSMC layer. Then, human umbilical vein endothelial cells (HUVECs) were co-cultured on the circumferentially
aligned VSMC, and the success of double layer formation of HUVEC-VSMC in the circular microchannel could be monitored. After
HUVEC cultivation, we applied shear flow in order to induce the orientation of HUVEC parallel to the axis, and the analysis of orientation
angle and spreading area of HUVECs indicated that they were changed by shear stress to be aligned to the direction of flow. Thus, the
HUVEC and VSMC layer could be aligned with a distinct direction. The expression level of VE-Cadherin located at the boundary of
HUVECs implies in vivo-like vascular behavior. The proposed in vitro microfluidic vascular assay platform would be valuable for studying
vascular diseases with high reliability due to in vivo-likeness.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5068689

I. INTRODUCTION

Preclinical screening methods for candidate drugs mainly rely
on animal models or primary cell lines cultured in a plastic flask.1

In vivo animal tests require high cost and prolonged time, while
in vitro cell line test suffers from data fidelity due to huge differen-
ces between in vivo and in vitro experimental environments.2 To
bridge such a gap, the construction of the in vivo-like in vitro bio-
assay platform is of great importance, which will not only save cost
and time to search for the lead identification among drug candidate
libraries, but also improve data reliability to reduce failure rate in
the clinical trial. To this end, a biomimetic organ-on-a chip has
been recently pursued. For example, an artificial blood vessel
system has been explored for understanding fundamental biology
of the blood vessel as well as providing a vascular disease model

such as thrombosis.3–5 The interior structure of in vivo vasculature
is composed of a monolayer of endothelial cells (ECs) as an inner
part and smooth muscle cell (SMC) media that surround the
EC layer. Since the alignment of ECs and SMCs is orthogonal,
such a co-cultivation with a unique cellular direction in a circular
channel remains a challenge. In the past, various in vitro vascular
co-cultivation systems using ECs and SMCs have been proposed.
However, most of them were conducted on the two-dimensional static
platforms,6–8 which were still far from the in vivo vascular structure.

Recent advancement of microfluidic technology has allowed
us to culture the cells three-dimensionally (3D) and exert shear
force on the cells by circulating the cell culture media.9 In the early
stage of developing the in vitro blood vessel in the microfluidics,
the cross-sectional shape of the microchannels was restricted to
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square, even though in vivo EC layer is formed in the circular
intima. However, the microfluidic channels with square cross
section have been still widely used due to the ease of fabrication
processes.10–12 Since the flow rate and shear stress are quite different
between circular and square microfluidic channels, the circular
microchannel should be utilized to mimic in vivo-like vasculature.
Several reports have shown the fabrication of the circular microflui-
dic channels for preparing in vitro vascular networks, but their culti-
vation in the circular microchannel was confined to only ECs.13 In
the case of the SMCs, they are oriented and elongated circumferen-
tially in the real blood vessel. That is why the construction of 3D
in vivo-like SMC is difficult. Since the architecture of SMCs has a
heavy impact on the vascular functions,14,15 it is important to realize
the circumferentially aligned SMCs with contractile morphology in
the circular microfluidic channel. Although Yoshida et al. showed
the multilayered vascular cell networks in the circular hydrogel,16

they ignored the cellular alignment of ECs and SMCs, and their
shape and morphology, which are crucial for vascular functions.

In this study, we proposed the microfluidic approaches to mimic
the in vivo-like vascular system using EC and SMC co-cultivation
with a distinct pattern. Following the circumferential alignment of
SMCs in a circular microchannel by using microwrinkles, we further
expended the 3D vascular co-cultivation with primary vascular
smooth muscle cells (VSMCs) and human umbilical vein endothelial
cells (HUVECs) in the circular microfluidic channels to realize the
artificial blood microsystem.17 The alignment of VSMCs perpendicu-
lar to the axis of the microchannel, the co-cultivation of HUVECs
parallel to the axis of the microchannel, and shear stress induced cell
reorganization were investigated together with cellular morphology
changes.

II. EXPERIMENTAL

A. Materials

Primary vascular smooth muscle cells (VSMCs) and human
umbilical vein endothelial cells (HUVECs) were obtained from Lonza
(MD, USA). SmBM (smooth muscle cell basal medium), SmGM
SingleQuots (supplements and growth factors), EBM-2 (endothelial
cell basal medium), and EGM-2 SingleQuots (supplements and
growth factors) were also supplied from Lonza (MD, USA).

Poly-D-lysine (PDL), Hexamethyldisilazane (HMDS), 10% neutral
buffered formalin, Triton X-100, bovine serum albumin (BSA), and
40,6-diamidino-2-phenylindole (DAPI) were purchased from Sigma
Aldrich (MO, USA). Anti-Human CD144 (VE-Cadherin) Alexa
Fluor 488 and Alexa Fluor 488 phalloidin were ordered from
eBioscience (CA, USA) and Invitrogen (USA), respectively. A
Polydimethylsiloxane (PDMS) prepolymer and a curing agent were
obtained from Dow Corning Corporation (Sylgard 184 elastomer
kit, USA).

B. Fabrication of a circular microfluidic channel with
circumferential microwrinkle patterns

A concave half-circular microchannel was fabricated on a
polycarbonate (PC) sheet by a computer numerical control (CNC)
machine. A PDMS prepolymer and its curing agent were mixed
at a weight ratio of 10:1 and poured on the patterned PC sheet.
After degassing, the PDMS mixture was cured in an oven at 80 °C
overnight. The cured PDMS sheet was peeled off from the PC
sheet, so the convex half-circular micropattern was produced on
the PDMS sheet. The convex half-circular micropattern was used
as a master mold for generating concave half-circular PDMS micro-
channels. After treatment of HMDS on the convex half-circular
micropatterned PDMS for 1 h, the mixture of the PDMS prepoly-
mer and curing agent was poured, degassed, and cured in an oven
at 80 °C overnight. Owing to the HMDS treatment, the top PDMS
sheet could be detached, which contained concave half-circular
microchannels.

Circumferential microwrinkles were patterned inside the concave
half-circular microchannel following the previous report.17 Briefly,
a concave half-circular PDMS sheet was clamped and uniaxially
stretched to 140% in length by a custom-made apparatus. The
surface was exposed to UV/O in a UV chamber (Ahtech LTS CO.,
Ltd, Korea) for 60 min, and then the PDMS sheet was released to
recover its original length. The intensity of UV light was fixed at
28 mW/cm2, and the distance between a UV lamp and the PDMS
sheet was 1 cm. Due to the difference of modulus between the
PDMS and the formed oxide layer, circumferential microwrinkle
patterns were produced on the curvature surface of the UV-treated
PDMS sheet as shown in Fig. 1(a).17 A couple of the half-circular
microwrinkle patterned microchannels were treated by O2 plasma,

FIG. 1. Overall procedure for produc-
ing the in vivo like vasculature. (a) and
(b) The microwrinkle patterned circular
microchannel was first fabricated, and
[(c) and (d)] the VSMCs were circum-
ferentially aligned along the microwrin-
kles. (e) and (f ) Then, HUVECs were
cultured on the VSMCs and reoriented
toward the flow direction by shear
stress.
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carefully aligned and permanently bonded together to form the
circular microchannel [Fig. 1(b)].

C. Co-cultivation of VSMCs and HUVECs in the circular
PDMS microchannels

VSMCs of passage numbers 2–7 were cultured in a complete
media containing SmBM and SmGM SingleQuots. The cells were
grown in a humidified 5% CO2 incubator at 37 °C. After conflu-
ence, the cells were trypsinized with 0.25% trypsin and 0.05%
EDTA (Gibco, Invitrogen, USA) for 3 min and then concentrated
by centrifugation. The cells were resuspended with a complete
medium to adjust the cell concentration to 1 × 105 cells/ml. For the
VSMC cultivation inside the circular PDMS channel, the surface of
the circular microchannel was filled with 1 mg/ml PDL at room
temperature (RT) for 30 min, removed, and dried. Then, 1 mg/ml
fibronectin was coated on the PDL layer at RT for 2 h. After washing
with distilled water, the VSMC seeding was carried out by loading a
cell solution (2.5 × 105 cells/ml) into the microchannel [Fig. 1(c)].
Once the cells were adherent on the bottom surface after 40min
incubation, the microdevice was turned upside down to attach the
cells on the top surface. The VSMC seeding (2.5 × 105 cells/ml) was
repeated into the microchannel to fully cover the circular microchan-
nel with the VSMCs [Fig. 1(d)]. Then, the complete medium was
added in the microchannel to proliferate the VSMCs for 1 day.

For HUVEC cultivation on the VSMC layer, HUVECs of
passage numbers 2–5 were cultured in a complete media containing
EBM-2 and EGM-2 SingleQuots. The cells were grown in a
humidified 5% CO2 incubator at 37 °C. After confluence, the cells
were trypsinized with 0.25% trypsin and 0.05% EDTA for 3 min
and then concentrated by centrifugation. The cells were resus-
pended with a complete medium to adjust the cell concentration to
1 × 106 cells/ml. The stock solution of HUVEC was injected into
the microchannel where the VSMCs were aligned along the micro-
wrinkles [Fig. 1(e)]. Similar to the procedure of VSMC, the micro-
channel was turned upside down after 40 min incubation in a
humidified incubator at 37 °C, and the second seeding of the
HUVEC with a cell density of 1 × 106 cells/ml was conducted for
entire cell adhesion inside the circular microchannel [Fig. 1(f )].
After confirmation of endothelial cell attachment, a co-cultivation
medium (mixture of the VSMC and HUVEC medium with a
volume ratio of 5:5) was supplied at a flow rate of 0, 100, and
300 μl/h for 24 h using a syringe pump (Sercrim Lab Tech., Korea)
to monitor the morphology change of HUVECs.

D. Immunofluorescence staining and imaging

The process of 3D co-cultivation in the circular microchannel
was monitored by a fluorescence microscope (Nikon, ECLIPSE, TE
2000-U, Japan), and all fluorescence staining images were obtained
by a confocal laser microscope (Nikon, D-ECLIPSE, C1si, Japan).
For filamentous actin or VE-cadherin staining, the treatment of a
10% neutral buffered formalin solution for 10 min, 0.1% Triton
X-100 for 5 min, and a 0.1% BAS solution for 5 min was serially
performed. For staining filamentous actin, an Alexa Fluor 488 phalloi-
din solution was injected into the microchannel and incubated for
20min. In the case of the VE-cadherin staining, Anti-Human CD144
(VE-cadherin) Alexa Fluor 488 was injected and incubated for 40min.

After that, a DAPI solution was finally injected for nuclear staining
for 30min. A washing step was executed with Phosphate-buffered
saline (PBS) twice when the reagents were changed.

The 3D images of the co-cultured VSMCs and HUVECs in
the circular microchannel were recorded by the z-stack (1 μm
spacing) method. The orientation angle was defined as the angle
from the axis of the microchannel to the major axis of cells,
ranging from 0° (a cell aligned parallel to the axis of the micro-
channel) to 90° (a cell perfectly aligned perpendicular to the axis of
the microchannel). The spreading area of HUVECs was measured
by setting the boundary of each cell. More than 30 individual cells
were analyzed for statistically evaluating orientation angles and
spreading areas of the cells.

III. RESULTS

A. Optimization of the concentration of a VSMC
solution to fully cover the circular microfluidic channel

The first step is to cultivate the circumferential VSMC along
the microwrinkle pattern. To fully cover the surface of the circular
microchannel, it was necessary to optimize the cell concentration.
Using the microchannel whose dimension was 30 mm in length ×
1 mm in diameter (∼23 μl volume), we seeded the cell solution
with different concentrations (1 × 105, 2.5 × 105, and 1 × 106 cells/
ml) and cultured for 1 day. Then, the cell coverage was investigated
by green fluorescence staining of filamentous actin. In the case of
1 × 105 cells/ml concentration, the VSMCs could not cover the
whole surface of the microfluidic channel and they were not con-
nected. Thus, many empty spaces between the cells were observed
[Figs. 2(a)–2(c)]. The use of 2.5 × 105 cells/ml concentration
resulted in the full extension and coverage in the circular microflui-
dic channel. Moreover, the VSMCs were aligned along with the
microwrinkle direction. They formed spindle and elongated mor-
phology and the three-dimensional in vivo-like alignments with
cell-cell interaction [Figs. 2(d)–2(f )]. In the real blood vessel, the
VSMC media consist of multiple cell layers, while the HUVECs
are formed as a monolayer in the intima. Thus, in order to mimic
the real VSMC media, multiple cell stacking was necessary. When
1 × 106 cells/ml concentration was used, the VSMCs, however, were
turned into fiber-like shapes after 1-day cultivation. Instead of
spreading out along the microwrinkle pattern, the VSMCs tended
to be aggregated and rolled-up at high cell density and sank on the
bottom of the channel [Figs. 2(g)–2(i)].

B. Co-cultivation of HUVEC on the VSMC layer in the
circular microfluidic channel

After 3D cultivation of VSMCs with the circumferential align-
ment inside the circular microchannel, HUVECs were co-cultured
on the aligned VSMC layer. To ensure the 3D co-cultivation of the
VSMCs and HUVECs in the microfluidic channel, filamentous
actin and nuclei of co-cultured vascular cells were simultaneously
stained with Alexa Fluor 488 phalloidin (green) and DAPI (blue),
and the z-stack images were obtained by using a confocal micro-
scope. Figures 3(a) and 3(b) show the fluorescence images of the
top and bottom half-circular channel from different angles (top,
side, and front views), demonstrating that the co-cultured VSMC
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and HUVEC layers were uniformly formed as a hollow tube
structure.

C. Effect of shear flow on the alignment and spreading
area of HUVECs cultured on the VSMC layer

Shear flow in the real blood vessel system plays an important
role in causing vascular diseases such as atherosclerosis and aneu-
rysms as well as impeding atherogenesis, thrombosis, and HUVEC
apoptosis.18,19 Since the alignment direction and morphology of
HUVECs in the real blood vessel system are affected by the flow of
blood, we applied shear stress on the co-cultured HUVEC layer to
induce the cellular alignment direction parallel to the axis of the
microchannel. Figure 4(a) shows the VSMC layer, which was
aligned perpendicular to the axis of the microfluidic channel due to
the microwrinkle patterns. The stretched direction of filamentous
actin (green) of VSMCs was close to that of the microwrinkles, and

the average orientation angle was about 81° [Fig. 5(a)]. Moreover,
the 3D spindle and elongated morphology was observed, which was
a typical contractile phenotype of the native VSMC layer.17,20–22

After 1-day cultivation of VSMCs, HUVECs were co-cultured on the
aligned VSMC layer and were stained with Anti-Human CD144
Alexa Fluor 488, which is bound to VE-cadherin located at the
boundaries of endothelial cells. Initially, the co-cultured HUVECs
were oriented along with the aligned VSMC layer as shown in
Fig. 4(b). The average orientation angle was about 80°, which means
that HUVECs were parallel to the aligned VSMCs. It seems that the
aligned VSMCs due to the microwrinkles served as a guide for pat-
terning HUVECs. In order to mimic the real HUVEC layer of the
in vivo blood vessels, it is necessary to switch the alignment direction
of HUVECs to that of the axis of the microchannel. To this end, we
investigated the effect of shear flow on controlling the orientation
angles of HUVECs. Under the dynamic condition at a flow rate of
100 μl/h, the orientation angles of HUVECs were changed to 48°.

FIG. 2. Optimized concentration of VSMC to fully cover inside the circular microfluidic channel. The used concentration was [(a)–(c)] 1 × 105 cells/ml, [(d)–(f )] 2.5 × 105

cells/ml, and [(g)–(i)] 1 × 106 cells/ml. Filamentous actin of VSMCs was stained with a green fluorescence dye to be visualized. Dotted lines were the boundaries of the
microfluidic channel. Scale bar: 200 μm.
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Although the angle was reduced from 80° to 48°, its value implies
that HUVECs were still randomly distributed [Fig. 4(c)]. If the flow
rate increased to 300 μl/h, the orientation angle of HUVECs
decreased to 33°. These results strongly suggest that higher flow rate
can guide HUVECs to be aligned along with the flow direction.
However, the expression level of the VE-cadherin at the junctions of
HUVECs at 300 μl/h flow rate was lower than that of a flow rate of
100 μl/h [Figs. 4(c) and 4(d)].

Figure 5 displays the statistical analysis of the orientation
angle and the spreading area of the co-cultured HUVECs on the
VSMC layer depending on the flow rate. Figure 5(a) shows that the
orientation angle was gradually reduced as the flow rate increased,
suggesting that the HUVECs were reoriented toward the flow direc-
tion. During this transition, the cell shape became plump, leading
to the augmented spreading area (from 913 μm2 without flow to
1536 μm2 with a flow rate of 300 μl/h), but the cell-cell connection
was diminished [Fig. 5(b)].

D. Cultivation of HUVEC without the VSMC layer as a
control experiment

To investigate the role of the VSMCs in forming HUVECs, we
performed a control experiment in which HUVECs were cultured on

the circular microfluidic channel. The used circular microchannel
does not include the microwrinkle patterns and the VSMC layer.
Following the same procedure as above, only HUVECs were cultured
on the circular microchannel and stained with Anti-Human CD144
Alexa Fluor 488 for imaging VE-cadherin and DAPI for visualizing
nuclei. After 1 day, the HUVECs were randomly located with
an average orientation angle of 48° probably due to the lack of the
aligned VSMC layer. Even under the shear flow conditions, the
change of the orientation angle was insignificant as shown in
Fig. 6(d). However, the expression of VE-cadherin in the boundary of
HUVECs at the flow rate of 300 μl/h [Fig. 6(c)] was clearer than that
of the HUVECs co-cultured on the VSMCs [Fig. 4(d)]. The trend of
the spreading area of the HUVECs with respect to the shear flow
[Fig. 6(e)] was similar to that of co-cultured HUVECs [Fig. 5(b)].
The spreading area of HUVEC was increased from 837 μm2 without
flow to 1158 μm2 at 100 μl/h to 1378 μm2 at 300 μl/h, respectively.

IV. DISCUSSION

We have investigated the construction of in vivo-like 3D
vascular morphology through microfluidic technology. To our
knowledge, this is the first report describing co-cultivation in which
vascular cells such as VSMCs and HUVECs are orthogonally

FIG. 3. Top, side, and front views of 3D z-stack images of 3D co-cultured VSMCs and HUVECs in the circular microfluidic channel. (a) A bottom half-circular channel and
(b) a top half-circular channel were displayed by staining filamentous actin (green) and nuclei (blue) with Alexa Fluor 488 phalloidin and DAPI, respectively.
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aligned. Considering that the structure of VSMCs heavily influences
the vascular functions, it is important to realize the in vivo-like 3D
morphology. The combination of microwrinkle structures and
shear flow in microfluidics can make it possible to create the cir-
cumferential alignment of VSMCs and the parallel alignment of
HUVECs to the direction of microfluidic channel. We previously

carried out an in-depth study on the fabrication of the wrinkle
structure and its effect on the cell alignment, and the wrinkle
dimension with 30 μm in wavelength and 3 μm in amplitude was
selected in this study.17,23

To construct the 3D vascular formation, cell coverage is a
crucial issue in that cells should be connected to one another by

FIG. 4. The expression of VE-Cadherin of the HUVECs co-cultured on the aligned VSMC layers with a different flow rate. (a) Fluorescence images of the filamentous
actin and nuclei of circumferentially aligned VSMCs on the microwrinkled fluidic channel. Fluorescence images of the VE-cadherin and nuclei of the HUVECs co-cultured
on the aligned VSMC layers with a flow rate of (b) 0 μl/h, (c) 100 μl/h, and (d) 300 μl/h. Scale bar: 100 μm.
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adherent junctions. The curvature surface for cell attachment shows
some limitations of cell spreading and stable adhesion and leads to
a different morphology from the attached cells on the flat surface.24

Once the VSMCs were tightly attached each other and muscle

tissue layer was formed in the microfluidic channel, the VSMC
tissue layer was stretching and contracting on the curvature surface.
Then, the generated strong cytoskeletal forces between the cells pull
tightly each other, resulting in the lifted up of the smooth muscle
tissue layer from the surface. The forces derived from cell to cell
seem to be higher than the force between the cells and the curva-
ture surface. Ultimately, there remain only a few numbers of cell
focal adhesions between the surface and cells, leading to the
detachment of the cells from the curved surface and the rolling of
the cell layer (Fig. 2, bottom panel). As expected, most of the cells
were detached from the curved surface within short-term (24 h).
Due to this reason, the VSMCs on the curvature surface have been
hardly investigated, although real VSMCs are circumferentially
organized in a cylindrical structure. To increase the surface affinity
of the VSMCs on the curvature surface, we used two options. One
is to treat the fibronectin coated microchannel with the PDL solu-
tion. The PDL is positively charged so they can be attached to the
partially negatively charged fibronectin region. The positive charges
on the entire surface promoted the cell attachment in the microflui-
dic channel. The other is to optimize the concentration of a VSMC
solution to fully cover the circular microfluidic channel (Fig. 2).
These results imply that the input cell number was an important
factor to finely cover the circular surface, and 11 500 cells were an
optimized number in our case, which means each VSMC occupied
the area of 16 129 μm2. If the number of the injected cells was
insufficient in relation to the curvature area, the cells could not be
connected one another, leaving many rooms between the cells. If
the loaded cell number is higher, the spreading capability of each
cell should be limited on the confined curvature surface and the
occupied area would be lower than 16 129 μm2, making cell-cell
connection favourable rather than cell-surface interaction to turn
into fiber-like shapes. Thus, we believe that the cell spreading area
to the surface is a very significant factor for strong attachment
between the cells and surface.

To investigate the effect of shear flow on the morphology
change of the HUVEC layer, we applied shear flow on the
co-cultured HUVEC layer as well as the solely cultured HUVEC.
The shear stress exerted on the wall of the cylindrical channel can
be calculated as follows:25

τ ¼ 4μQ = πr3,

where τ is the shear stress on the wall and μ is the viscosity of the
medium.26 Shear stress was calculated using the viscosity of water
at 37 °C as 0.007 dyn s/cm2 instead of that of the medium. Q is the
volumetric flow rate, and r is the radius of the circular microchan-
nel. When Q was kept at 100 μl/h and 300 μl/h, the shear stress on
the endothelial cell layer could be calculated as 0.002 and 0.006
dyn/cm2, respectively. The co-cultured HUVECs are initially ori-
ented along with the aligned VSMC layer without flow conditions
[Fig. 4(b)]. When the low value of shear stress is applied in the
co-cultured cell layers [Figs. 4(c) and 4(d)], we found that the cellu-
lar rearrangement took place and the orientation angle of the
HUVECs started to change to the direction of flow. However, such
a tendency of changing the orientation angle was not observed in
the solely cultured HUVECs. Most of the previous reports used a

FIG. 5. The effects of shear flow on the orientation angle and spreading areas
of co-cultured HUVECs. (a) Analysis of orientation angles of the VSMCs and
the co-cultured HUVECs with respect to the shear flow. (b) Spreading areas of
co-cultured HUVECs depending on shear flow. All error bars were measured by
a standard deviation of means with n = 30. ***P < 0.0001, *P < 0.05; data were
analyzed by the one-way ANOVA with a Tukey post-test.
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FIG. 6. The effects of shear flow on the orientation angle and spreading areas of the solely cultured HUVECs. Fluorescent images of the solely cultured HUVECs on the non-
wrinkled microfluidic channel with a flow rate of (a) 0 μl/h, (b) 100 μl/h, and (c) 300 μl/h. Adherent junctions of the HUVECs were stained with Anti-Human CD144 Alexa Fluor
488 (green). Nuclei were stained with DAPI (blue). Scale bar: 100 μm. Analysis of (d) the orientation angles and (e) the HUVEC spreading areas depending on the flow rate.
All error bars were measured by a standard deviation of means with n = 30. ***P < 0.0001, *P < 0.05; data were analyzed by the one-way ANOVA with a Tukey post-test.
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high flow rate (0–20 dyn/cm2 of shear stress) to induce the realign-
ment of HUVECs.27–29 In our case, despite low shear stress, the
HUVECs were oriented effectively, which implies that the VSMC
layer assisted the HUVEC realignment.

On the other hand, the expression level of the VE-cadherin at
the junctions of HUVECs at 300 μl/h flow rate was lower than that
of a flow rate of 100 μl/h. Cellular rearrangement by shear flow is
likely to disturb the formation of cell-cell junctions of HUVECs,
leading to the loose interaction between the cells. In the solely
cultured HUVEC layer (Fig. 6), we could not find any significant
changes in the orientation angle despite dynamic conditions of
300 μl/h flow rate. It seems that the solely cultured HUVECs were
more tightly connected, since the control of their alignment by
shear flow was restricted. Therefore, the expression of VE-cadherin
of the solely cultured HUVECs was higher than that of the
HUVECs on the VSMC.

From these results, we concluded that the existence of the
VSMC layer influences the cellular alignment, cell-cell junctions,
and spreading areas of HUVECs. The VSMCs assisted the reorien-
tation of the HUVECs so that HUVECs became parallel to the axis
of the circular microchannel just like the real blood vessel system.
Previous reports showed that shear stress inhibited the expression
of adhesion molecules in ECs when ECs were co-cultured with
SMCs.30 Thus, it seems that shear stress induces the reduction of
the adhesion molecules of HUVECs on the VSMCs, thereby
enabling the orientation of HUVECs along the flow direction. On
the contrary, the HUVECs without the VSMC layer were firmly
attached on the substrate, and their reorientation to the flow direc-
tion was limited. The high flow rate increased shear stress, resulting
in the enlarged spreading area of the HUVECs with and without
the VSMC layer. In this study, we, for the first time, demonstrated
the in vivo-like vascular construction by co-culturing a smooth
muscle cell layer and an endothelial cell layer with orthogonal ori-
entation in a circular microchannel. In addition, we investigated
the effect of the VSMC layer on the reorientation of the HUVEC
layer, and the effect of the flow rate on the expression of
VE-Cadherin and spreading areas of the HUVECs. The proposed
biomimetic vascular structure can provide us an ideal model for
studying vascular diseases.

V. CONCLUSIONS

We demonstrated microfluidic approaches to preparing the
in vivo-like vascular system, in which the HUVEC and VSMC were
orthogonally co-cultured for the first time. For the perpendicular
alignment of the VSMC to the axis of the microchannel, micro-
wrinkle structures were patterned inside of the circular channel.
After the circumferential alignment of VSMCs with an optimized
concentration, the HUVECs were co-cultured. To induce the orthog-
onal alignment of HUVECs to the VSMC layer, shear stress was
exerted on the HUVECs by controlling the flow rate. The HUVECs
were reoriented toward the flow direction, so the in vivo-like vascular
interior model could be realized. The proposed 3D co-cultivation of
VSMCs and HUVECs with distinct alignment in the circular
microfluidic channel can provide an ideal in vitro vascular assay plat-
form to produce reliable and convincing data for lead identification
in the vascular disease research studies.
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